The laboratory rat, widely used in biomedical research, is domesticated from wild brown rat. The origin and genetic mechanism underlying domestication of the laboratory rat remain largely elusive. In the present study, large scale genomes supported a single origin for the laboratory rat, possibly from a sister group to wild rats from Europe/ Africa/Middle East. Genomic and transcriptomic analyses uncovered many artificially selected genes (e.g., FOXP2, B3GAT1, and CLOCK) involved in the nervous system. These genes associate with learning ability and regulation of circadian rhythm, which likely enabled the successful domestication of the laboratory rat. Particularly, many genes, including mitochondrial genes responsible for energy metabolism, displayed a substantially increased expression in the brain of laboratory rats compared with wild rats. Our findings demystify the origin and evolution of this model animal, and provide insight into the process of its domestication.
The laboratory rat, which has been widely used in biomedical research as an animal model for $160 years, is commonly believed to be domesticated from wild brown rat in Europe in the 19th century (Suckow and Weisbroth 2006) . Compared with their wild ancestors, laboratory rats exhibit different morphological, physiological, and behavioral attributes such as coat color, organ size, energy metabolism, reproductive performance, and tameness (Whishaw and Kolb 2004; Baker et al. 2013) . However, the genetic mechanisms underlying these phenotypic differences remain elusive.
To explore the origin and evolution of the laboratory rat, we generated whole genomes for six wild brown rats from Europe, Africa, and Asia, as well as nine laboratory rats (SD and SHR strains) with $10-20Â depth in the present study (supplementary table S1, Supplementary Material online). We also added 110 whole genome sequences of wild brown rats from China (n ¼ 38), Russia (n ¼ 5), Southeast Asia (n ¼ 8), Middle East (n ¼ 12), Europe (n ¼ 26), and Africa (n ¼ 21) generated by one of our studies (Zeng L et al., unpublished data) , and another 24 whole genome sequences of laboratory strains generated from a previously reported study (Atanur et al. 2013) .
In order to understand the relationship between laboratory rats and wild rats, we performed a host of analyses including phylogenetic tree construction ( fig. 1 ), Bayesian clustering analysis by ADMIXTURE (Alexander et al. 2009 ) ( fig. 1 ) and principal components analysis (PCA) (supplementary fig. S1, Supplementary Material online). All these analyses supported a single origin of the laboratory rat (Kuramoto et al. 2012) . It is commonly believed that the laboratory rat was domesticated in Europe (Suckow and Weisbroth 2006) . However, our analyses illustrated that laboratory rats did not cluster specifically with European wild rats, but unexpectedly formed a sister group to the Europe/Africa/Middle East rat group. Outgroup f3-statistic also corroborated this pattern (supplementary fig. S2 , Supplementary Material online). It is possible that the laboratory rat was domesticated from a subpopulation of wild brown rats in Europe, a sister group to the Europe/Africa/Middle East brown rats that we collected.
To assess the genetic mechanisms underlying initial domestication of the laboratory rat, we evaluated differentiation of each SNP between the laboratory rats population (including 26 different stains), and wild rats population using F ST (Akey et al. 2002) . A sliding window analysis (window size: 100 kb, step size: 50 kb) was performed to identify regions/ genes harboring high levels of differentiation. As a result, a total of 292 genes displaying high F ST values in the top 1% outlier windows were identified as candidate positively selected genes (supplementary table S2, Supplementary Material online). These genes might contribute to the phenotypic difference between the laboratory and wild rat populations, although demographic history could also generate high level of population differentiation (Sabeti et al. 2006) . Gene enrichment analysis found that many of the genes have roles in "neurological system process" (54 genes, GO: 0050877, P ¼ 2.11 Â 10 À5 corrected by Benjamini-Hochberg FDR, supplementary table S3, Supplementary Material online). In particular, seven genes (AFF2, MECP2, NAA10, NSDHL, SLC6A8, SLITRK1, and ENSRNOG00000049488) were enriched for the HPO category "abnormally aggressive, impulsive, or violent behavior" (P ¼ 0.05, corrected by Benjamini-Hochberg FDR, supplementary table S3, Supplementary Material online). Positive selection of gene variants in this category might be related with the behavioral modifications observed in laboratory rats compared with wild rats. We propose that positive selection on genes involved in the nervous system might have played key roles in the successful domestication of the laboratory rat from wild brown rat ancestor, concordant with the findings in other domesticated animals like rabbits, dogs, horses, and goats (Axelsson et al. 2013; Li et al. 2013; Wang et al. 2013; Carneiro et al. 2014; Dong et al. 2015; Librado et al. 2017) . Notably, FOXP2, a central gene in vocal behavior and learning ability (Enard et al. 2002; Schreiweis et al. 2014 ), showed signals of high level of population differentiation ( fig. 2A ). This gene region also harbored lower nucleotide diversity and high XP-EHH value (supplementary fig. S3 , Supplementary Material online). It indicated potential positive selection on FOXP2 in the laboratory rat, although we cannot exclude absolutely the confounding factor of demographic history. The expression level of FOXP2 was significantly up-regulated in the hypothalamus of laboratory rat examined by real-time quantitative PCR (qPCR) ( fig. 2A , P ¼ 0.026). Compared with wild rats, learning ability is more advanced in laboratory rats (Boice 1981; Domjan 2014) , which probably promote their quick adaptability to human and laboratory environments. We proposed that positive selection driving up-regulation of FOXP2 might be coupled to the changed learning ability in the laboratory rats compared with wild rats (Boice 1981; Domjan 2014) , although functional consequences of up-regulation of FOXP2 need further experimental validation. Another interesting positively selected gene is CLOCK, a central regulator in the control of circadian rhythms (Vitaterna et al. 1994) . Additional signals of positive selection with low nucleotide diversity and high XP-EHH value were located upstream of this gene (supplementary fig. S3 , Supplementary Material online). CLOCK also exhibited higher expression level in the hypothalamus of laboratory rats than wild rats ( fig. 2A , P ¼ 0.004), and might contribute to the changes in circadian rhythm after domestication.
Genomic loci under positive selection possess other distinctive patterns such as low genetic diversity and long haplotype homozygosity (Sabeti et al. 2006) . We therefore assessed signals of artificial selection in the laboratory rats using another statistic, XP-EHH (cross-population extended haplotype homozygosity) (Sabeti et al. 2007 ). In total, 447 potential candidate positively selected protein coding genes with high XP-EHH values at the top 1% outlier were identified (supplementary table S4, Supplementary Material online). Gene enrichment analysis found that 13 of these genes were enriched for the category "regulation of developmental growth" (GO: 0048638, P ¼ 0.0076, supplementary table S5, Supplementary Material online). Laboratory rats substantially differ morphologically from wild rats. For example, laboratory rats are larger and have weaker bone structure and smaller internal organs (including brain, heart, liver, and spleen) (Stryjek et al. 2012 ). Positive selection on developmental genes in the laboratory rat might account for this morphological differentiation.
It is noteworthy that the five topmost windows exhibiting the highest XP-EHH values clustered together and overlapped only with the protein-coding gene B3GAT1 (fig. 2B ). The region also exhibited other signals of positive selection, marked by low nucleotide diversity and high level of population fig. S3 , Supplementary Material online). The qPCR experiments indicated a significantly higher up-regulation of mRNA expression for B3GAT1 in the brain of laboratory rats compared with wild brown rats ( fig. 2B ). B3GAT1 is involved in the biosynthesis of HNK1 (Mitsumoto et al. 2000) , which is widely expressed in the brain. B3GAT1 knockout mice exhibit reduced long-term potentiation at Schaffer collateral-CA1 synapses and defects in spatial learning and memory (Yamamoto et al. 2002) .
Although the functional consequence of up-regulation of B3GAT1 remains largely unclear, we propose that the upregulation of B3GAT1 likely enhanced spatial learning and memory in laboratory rats, enabling them to adapt to captive situations in the process of domestication. Generally, wild animals are more active and reactive and show extreme levels of stress in captive environments, properties that contribute to their higher mortality in captivity (Price 2002) . The increased spatial learning and memory abilities, due to the changes of B3GAT1, might have facilitated better stress management in the domesticated rat. Phenotypic evolution is tightly coupled to changes in gene expression. Therefore, to further explore potential genetic events for domestication of the laboratory rat, we profiled transcriptomes of the cerebral cortex, hypothalamus, olfactory bulb, liver, spleen, and heart from the laboratory rat and wild rat by RNA-sequencing (supplementary fig. S4 , Supplementary Material online). Positively selected genes showed significant difference in expression patterns in the nervous system between the wild brown and laboratory rat (supplementary fig.  S5 , Supplementary Material online, P < 0.05, Mann-Whitney U test). No significant difference in expression pattern of positively selected genes was found for the other tissues (supplementary fig. S5 , Supplementary Material online). Differential expression pattern of positively selected genes in these tissues provides a plausible explanation for the changes in behavior of laboratory rats compared with wild brown rats.
Overall, 777 genes were found to be differentially expressed in the three brain regions between the wild brown and laboratory rat (supplementary fig. S6 , Supplementary Material online). In a gene enrichment analysis, 39 genes fell in the category "behavior" (GO: 0007610, P¼ 1.2 Â 10 À4 , supplementary table S6, Supplementary Material online). Differentially expressed genes were also significantly overrepresented in categories related with brain development such as "neurogenesis," "gliogenesis," "neuron differentiation," "neuron development," and "neuron projection development" (supplementary table S6, Supplementary Material online). Changes in the expression levels of these genes might have facilitated the domestication of laboratory rats by influencing the evolution of the nervous system. A similar trend has been reported in other domestic animals, such as dogs, rabbits, horses, and goats (Axelsson et al. 2013; Li et al. 2013; Wang et al. 2013; Carneiro et al. 2014; Dong et al. 2015; Librado et al. 2017) . Gene enrichment analysis also found many genes involved in "immune system development," which is consistent with the finding by Albert et al (2012) , that many immune system genes show differential expression in the brain of domestic animals (like dog, pig, guinea pigs) compared with their wild ancestors (Albert et al. 2012) . Domesticated animals are likely particularly exposed to strong selection pressures on their immune systems as a result of living in more crowded captive conditions and/or increased exposure to risks suffered by humans and other domesticated species (Albert et al. 2012) .
Another key feature of the transcriptome data was that the differentially expressed genes were over-represented in categories associated with energy metabolism like "oxidative phosphorylation," "mitochondrion," and "mitochondrial inner membrane" (supplementary table S7, Supplementary Material online). Assessing changes in energy metabolism and their consequent nervous system disorders is a key pillar in evolutionary studies of the nervous system (e.g., human brain). Genes related to energy metabolism have been implicated in the evolution and maintenance of humanspecific cognitive abilities (Khaitovich et al. 2008) . Since the mitochondrion is the energy producing machinery of a cell, we examined the expression of mitochondrial proteincoding genes and found ten genes harbored significant differential expression levels in frontal lobe tissue between the laboratory and wild brown rats ( fig. 3A) . Except for ND3, all other identified mtDNA genes were up-regulated in the laboratory rats. However, no significant difference in the copy number of mitochondrial DNA was found between the laboratory and wild brown rats ( fig. 3B ). In contrast, only ND3 demonstrated significant differential expression in heart and liver tissues. In addition, we validated the up-regulation of nuclear genes (i.e., ATP5D and COX8A) involved in energy metabolism in the laboratory rats by qPCR (supplementary fig. S7, Supplementary Material online) . These findings suggest that substantial evolutionary changes in energy metabolism have occurred in the brain of the laboratory rat during the process of domestication.
In conclusion, compared with wild brown rat, many genes involved in the nervous system, particularly FOXP2, B3GAT1, and CLOCK, have evolved under artificial selection in the laboratory rat. These changes likely enhanced the learning ability and regulation of circadian rhythm to promote successful domestication of laboratory rat, including ability to readily adapt to the human environment. Genes under artificial selection were detected by comparing 26 different laboratory strains with wild rats from different locations. Our gene list did not show overlaps with the positively selected genes in each laboratory breed reported by Atanur et al (2013) . In addition, the differentially expressed genes did not show differences among different breeds (Walker et al. 2004 ) (supplementary fig. S8 , Supplementary Material online). We propose that these genes are possibly associated with initial domestication of rats. Brain functions are quite energy intensive relative to the rest of the body (G omez-Pinilla 2008), enhanced learning ability in the laboratory rats likely placed additional energy demands. As expected, many genes responsible for energy metabolism including mitochondrial genes exhibited a substantially increased expression in the brain of laboratory rats compared with wild rats. Our findings will be helpful for understanding the origin and evolution of the laboratory rats as well as the process of domestication.
Rapid Evolution of Genes Involved in Learning and Energy Metabolism . doi:10.1093/molbev/msx238
MBE

Materials and Methods
Detailed methods are described in the supplementary materials online. Briefly, the genomes of six wild brown rats from Mali (n ¼ 1), Morocco (n ¼ 1), Russia (n ¼ 2), and China (n ¼ 2), and nine laboratory rats were sequenced at high coverage ($10-20Â) in this study. Whole genome sequences of 24 laboratory strains except Brown Norway breed were obtained from a previously published study (Atanur et al. 2013) . The genomes of another 110 Rattus norvegicus from Russia, Northern China, Southern China, Southeast Asia, Europe, Africa, and Middle East were obtained from one of our other studies (Zeng L et al., unpublished data) . Quality filtered reads were mapped to the reference Rattus norvegicus genome (rn5, ENSEMBL version 72) (Gibbs et al. 2004 ) using the program BWA-MEM (Li 2013) . Single nucleotide polymorphisms were detected and filtered using the Genome Analysis Toolkit (GATK) (McKenna et al. 2010) . Phylogenetic trees were constructed by the weighted neighbor joining method (Bruno et al. 2000) using pairwise distances among individual rats. To further reveal the relationships among the different Rattus norvegicus populations, we performed a principle components analysis (PCA) using GCTA (Yang et al. 2011) . Subsequently, population structure was deduced by the program ADMIXTURE (K values 2-10), a tool for maximum likelihood estimation of individual ancestries from multi locus SNP genotype data sets (Alexander et al. 2009 ). The outgroup f3-statistic (Patterson et al. 2012; Raghavan et al. 2014 ) was used to estimate the genetic proximity of laboratory rat populations to each wild brown rat individual.
To reveal genetic mechanisms underlying initial domestication of the laboratory rats and phenotypic difference between laboratory rats and wild rats, we treated all the laboratory strains together as laboratory population, and all the wild rats as wild population. We used F ST (Akey et al. 2002) , XP-EHH (Sabeti et al. 2007) to evaluate differentiation at each SNP between the laboratory population and wild population. The F ST of each SNP was calculated as described elsewhere (Akey et al. 2002) . F ST with negative values having no biological explanation were arbitrarily set to 0. XPEHH program (http://hgdp.uchicago.edu/Software/) was used to calculate the XP-EHH value for each SNP. The nucleotide diversity was calculated using an in-house perl script. Sliding window analysis was performed with a window size of 100 kb and a step size of 50 kb. F ST and XP-EHH values for each sliding window were calculated by averaging the values of all SNPs in the window. We employed an outlier approach based on genome-wide empirical data to retrieve the top 1% of windows showing high level F ST values or XP-EHH values.
RNA-sequencing data were analyzed using Tophat-Cufflinks-Cuffdiff pipeline. Filtered reads were aligned to the rat reference genome using TopHat (v2.0.4) (Trapnell et al. 2009 ) and then assembled using Cufflinks (v2.0.2 with -G parameter) (Trapnell et al. 2012) . The differential expression of genes in different tissues was calculated using Cuffdiff (Trapnell et al. 2012) . Gene Ontology analysis of the proteincoding genes was conducted using an online annotation tool g: Profiler (Reimand et al. 2011 ) and DAVID (Dennis et al. 2003) , and P values were corrected by Benjamini-Hochberg FDR.
FIG. 3. Relative mRNA expression levels of mitochondrial coding genes (A) and mtDNA copy number (B) in wild brown and laboratory rats. The mRNA expression levels of mitochondrial genes were detected by qPCR from three laboratory rats and three wild brown rats (with two technical replications in each sample). Expression level of each gene was firstly normalized to the expression values of the housekeeping gene b-actin. To clearly show the expression difference between the wild and laboratory rats, we have further normalized the expression value of each gene in each individual as the relative mRNA expression level of this gene in this individual divided by the mean expression level of this gene in three wild rats. The error bars represent standard error of mean (SEM). Asterisk (*) indicate statistically significant differential expression (P < 0.05). 
